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Systemic Spread of Sequence-Specific Transgene RNA
Degradation in Plants Is Initiated by Localized
Introduction of Ectopic Promoterless DNA
1997). The between-line variation in transgenic plants is
also a barrier to the analysis of PTGS. No two transgenic
lines are similar, as the transgenes in each line lie in
different chromosomal domains, in different multimeric
configurations (Stam et al., 1997), and may be associ-
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Colney, Norwich NR4 7UH ated with variable amounts of DNA from the transforma-
tion vector (Iglesias et al., 1997). As a result, it has beenUnited Kingdom
difficult to identify the critical transgene factors that
affect PTGS.
To reduce variations associated with the integrationSummary
of silencer transgenes in transgenic plants, we have
exploited a transient Agrobacterium infiltration assaySystemic, posttranscriptional silencing of transgenes
to deliver the silencer DNA into plant cells. Using thisin Nicotiana benthamiana was initiated in localized
system, we showed that localized delivery of DNA con-regions of the plant by introduction of transgene-
taining coding regions of a jellyfish green fluorescenthomologous DNA fragments, including those without
protein (GFP) gene activated silencing of a stably inte-a promoter. Following this initiation step, a sequence-
grated GFP transgene. We showed that this effect isspecific signal of gene silencing spread from cells that
mediated by a signal of GFP silencing that spreads sys-had received the ectopic DNA via a relay mechanism
temically through the plant (Voinnet and Baulcombe,that employs plasmodesmatal and phloem channels.
1997). A signal of gene silencing was also revealed byThe nature of this mechanism, the mode of its initia-
grafting experiments with transgenic plants (Palauqui ettion, and the ability of the signal to move long dis-
al., 1997). This signal differs from hormones and othertances indicate the existence of a sequence-specific
previously described signals in plants in that it is se-signaling mechanism in plants that may have roles in
quence specific. From this, it was proposed that it is,developmental control as well as in protection against
or at least contains, a nucleic acid.transposons and viruses.
Here we describe how systemic PTGS can be induced
following localized delivery of DNA, either by Agrobac-Introduction
terium infiltration or biolistically. These systems were
used to show that systemic gene silencing can be initi-Transgene expression in plants and fungi is influenced
ated from a small group of cells by an interaction of theby posttranscriptional controls of RNA accumulation.
introduced DNA with the corresponding target gene.Analyses of these controls have revealed a highly versa-
Long-distance movement of the signal occurs throughtile mechanism referred to as posttranscriptional gene
the phloem, and cell-to-cell movement is through plas-silencing (PTGS), which can be specifically targeted
modesmata. The propagation of the signal involves aagainst many species of mRNA, including viral mRNAs.
long-distance relay process in which signal productionSeveral models have been proposed for the mechanism
is amplified as it moves away from the original site ofof PTGS, and they fall into three categories. Threshold
DNA delivery. These findings characterize a signalingmodels invoke a means to sense the levels of specific
system in plants that may have a role in defense andRNA species (Lindbo et al., 1993). According to these
developmental regulation.models, gene silencing is a correction for gene overex-
pression. In contrast, aberrant RNA models (English et
al., 1996; Sijen et al., 1996) propose that PTGS is acti- Results
vated by the presence of RNA that is qualitatively differ-
ent from RNAs that do not activate gene silencing. The We have previously shown that systemic silencing of
aberration could be double strandedness (Metzlaff et a GFP transgene was induced when lower leaves of
al., 1997), premature transcriptional termination, or other transgenic Nicotiana benthamiana were infiltrated with
unidentified features of the activator RNA. The third cat- a culture of Agrobacterium tumefaciens carrying a GFP
egory of model invokes ectopic interactions of homolo- construct (Voinnet and Baulcombe, 1997). This systemic
gous DNA as the initiator of PTGS (Jorgensen, 1992; silencing was manifested through the loss of GFP fluo-
Baulcombe and English, 1996). These various models rescence in many regions located outside of the origi-
are not mutually exclusive; for instance, a threshold of nally infiltrated tissues and was associated with reduced
aberrant RNA may be required, or an ectopic DNA inter- levels of GFP mRNA. In addition, GFP-silenced tissues
action may lead to transcription of aberrant RNA. were highly resistant to a cytoplasmically replicating
The proliferation of these speculative models of PTGS potato virus X (PVX) vector containing an insert of the
reflects the complexity of the process and our poor GFP gene (PVX-GFP), indicating that this systemic si-
understanding of the influence of ill-defined epigenetic lencing acts at the posttranscriptional level (Voinnet and
factors (Jorgensen et al., 1995; English and Baulcombe, Baulcombe, 1997). In this study, the stably integrated
GFP transgene will be referred to as intGFP to distin-
guish it from the epiGFP sequence in the infiltrated strain³ To whom correspondence may be addressed (e-mail: baulcombe@
bbsrc.ac.uk). of A. tumefaciens.
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whole plant. When systemic leaves of silenced intGFP
plants were infiltrated with the N:G:G strain (Figure 1B,
diagram), epiGFP expression was not observed in the
infiltrated region, although there was strong epiGUS ex-
pression revealed by histochemical staining (Figure 1B,
panels 1 and 2). In contrast, both reporter genes were
expressed in infiltrated leaves from nontransformed (nt)
(Figure 1B, panels 3 and 4) or nonsilenced intGFP plants
(Figure 1B, panels 5 and 6). This result confirms the
sequence specificity of the systemic silencing and
shows that it is not targeted against the 35S promoter
sequence. Infiltration of N. benthamiana carrying a GUS
transgene with the N:G:G strain of A. tumefaciens re-
sulted in systemic silencing of GUS that was manifested
as the absence of histochemical staining for GUS activ-
ity and reduction of GUS mRNAs (data not shown). Thus,
systemic silencing is not a peculiarity of GFP.
In order to assess the requirement of epiGFP tran-
scription for the initiation of intGFP silencing, infiltrations
were repeated with a derivative of the pBin35S:GFP
construct (Figure 1A, N:GD) in which the 35S promoter
had been deleted. In several experiments involving more
than 30 plants, silencing developed and spread as
quickly as with the original N:G:G construct, indicating
that a promoter upstream epiGFP is not required.
Propagation of the Silencing Signal
Symplastic movement of molecules in plants can occur
from cell to cell through plasmodesmata and/or through
the phloem (Lucas et al., 1993). To investigate which of
Figure 1. Induction of Sequence-Specific, Systemic Gene Silencing these routes is used by the silencing signal, we moni-
of intGFP in Transgenic Nicotiana benthamiana Plants
tored the spatial pattern of intGFP silencing after infiltra-
(A) Transgene constructs used for infiltration. The T-DNA from pBin-
tion of plants with the N:G:G strain of A. tumefaciens.35S-GFP (Haseloff et al., 1997) was used for Nicotiana benthamiana
At 20 days postinfiltration of lower leaves, silencing wasstable transformation. The 35S promoter controlling the GFP has
strongest in systemic, young developing leaves (Figurebeen deleted in the N:GD construct (pnos, nos promoter; tnos, nos
terminator; 35S, CaMV-35S promoter; RB, right border; LB, left bor- 2A4) and was very pronounced in the shoot tips (Figure
der; OCS, octopine synthase terminator; LacZ, multiple cloning site, 2A5), although the meristematic regions were still green
inserted for cloning facilities). fluorescent (Figure 2A5). There was also silencing in up-(B) Secondary infiltrations of the N:G:G strain of A. tumefaciens. The
per leaves that were already expanded at the time oftop diagram illustrates the order of events described below. Lower
infiltration, but it was fainter and less extensive than inleaves of intGFP plants (panels 1 and 2 and 5 and 6) or nt plants
the young developing leaves (Figures 2A2 and 2A3). In(panels 3 and 4) were first infiltrated (1st inf.) with either water (panels
5 and 6) or the N:G:G strain of A. tumefaciens previously induced contrast, the leaves immediately above and below the
with acetosyringone (panels 1±4). After 20 days, an upper leaf was infiltrated leaves remained fully green fluorescent (Fig-
infiltrated with the N:G:G strain of A. tumefaciens (2nd inf.). Two ure 2A1). At 30 days postinfiltration, the stem and rootsdays later, the leaf was monitored under UV illumination for transient
below the infiltrated leaves also showed intGFP silenc-epiGFP expression and subsequently stained for epiGUS activity.
ing, thus indicating that the movement of the silencingThe red fluorescence in panels 1 and 3 represents chlorophyll fluo-
signal was bidirectional in the plant. In terms of speedrescence. The green fluorescence that also appears yellow in some
of these images represents expression of GFP. In panel 5, imaging and spatial distribution, this pattern of spread is similar
of intGFP in the leaf lamina is partially masked by strong epiGFP to the movement of viruses in the phloem, from source
expression, although intGFP is evident in the petiole of the leaf. to sink leaves (Leisner and Turgeon, 1993).
SIGS, systemic induction of gene silencing.
Additional support for phloem transport of the signal
comes from experiments in which intGFP plants were
infiltrated with the N:G:G strain of A. tumefaciens inSequence Specificity and Requirement of epiGFP
Transcription in Silencing Initiation just a single leaf. These experiments differ from those
described previously in which the plants were infiltratedIn our initial experiments, we infiltrated lower leaves of
N. benthamiana carrying an intGFP transgene with the in two or three leaves on opposite sides of the plant. At
1 month postinfiltration, intGFP silencing in the stemN:G:G strain of A. tumefaciens. The N:G:G strain con-
tains a T-DNA in which an expression cassette com- was restricted to the side of the original infiltrated leaf
(Figure 2B). Shoots that had emerged from the silencedposed of the NPT (N), the GUS (G), and the GFP (G) genes
is inserted (Figure 1A). Using this construct, systemic portion of the stem were silenced, while those emerging
from the nonsilenced half were not (Figure 2B). Thissilencing was consistently initiated at about 20 days
postinfiltration and subsequently spread through the pattern of signal movement was strikingly similar to the
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expanded at the time of infiltration, intGFP silencing was
initially (20 days postinfiltration) in regions surrounding
the main veins (Figure 2C) and later (27 days postinfiltra-
tion) in regions around the minor veins (Figure 2D). At
34 days postinfiltration, intGFP silencing spread across
the whole lamina of the leaf (Figure 2E), indicating that
there was cell-to-cell movement of the silencing signal
as well as translocation through the phloem. This cell-to-
cell movement is likely to occur through plasmodesmata
because there was no intGFP silencing in the stomatal
guard cells (Figures 2F and 2G) that would have been
symplastically isolated before the signal moved into the
leaf (Wille and Lucas, 1984). However, in leaves that
developed after the signal had spread to the apical
growing point, intGFP was uniformly silenced, even in
the stomatal guard cells (Figure 2H). From this observa-
tion, we conclude that guard cells are competent for
gene silencing provided that the signal invades leaves
early in their development, before symplastic isolation.
To further investigate the movement of the silencing
signal, we carried out grafting experiments that were
specifically designed to determine whether the signal
could move through cells in which there were no genes
with sequence similarity to the target of silencing. Previ-
ous grafting experiments have reported the transmis-
sion of a cosuppression state involving a nitrate reduc-
tase (NR) transgene and its corresponding endogenous
homolog (Palauqui et al., 1997). It was shown that the
silencing signal targeting the NR sequences in the
Figure 2. Phloem Transport and Cell-to-Cell Movement of the Sys- transgenic rootstock could be transmitted through a
temic Silencing Signal nontransgenic section of plant. However, as this inter-
(A) Spatial pattern of systemic silencing at 20 days postinfiltration. mediate section carried the endogenous copy of the NR
The first fully expanded leaf above the infiltrated leaf is not affected gene, it was still possible that long-distance transmis-
by gene silencing (1), whereas upper source leaves that were ex-
sion of the signal was dependent on homologous DNApanding at the time of infiltration are partially affected (2 and 3).
or RNA.Young developing sink leaves exhibit strong gene silencing (4). Panel
First, to confirm in our system that the signal is graft5 shows the apical bud of a GFP-silenced plant. The young devel-
oping leaves are red fluorescent and fully silenced, but the central transmissible, we wedge-grafted nonsilenced intGFP
growing point remains green fluorescent, indicating that GFP silenc- scions onto rootstocks exhibiting silencing of intGFP.
ing is not active in this region. Silencing spread into the scions about 4 weeks after
(B) Polarized gene silencing following single leaf infiltration. One the graft union (Figure 3A) in 10 out of 16 graftings
leaf of an intGFP plant was infiltrated with the N:G:G strain of Agro-
tested. As with the intact N:G:G-infiltrated plants, intGFPbacterium tumefaciens. After 1 month, distribution of intGFP gene
suppression in the scions was first manifested aroundsilencing in the stem was monitored under UV illumination. In this
the veins of newly emerging leaves and later becameexample, the infiltrated leaf was connected to the left-hand side of
the stem. widespread on all vegetative parts of the scions. To test
(C±E) Development of silencing in leaves. intGFP silencing of a sys- the ability of the signal to move through cells without
temic leaf that had already expanded at the time of lower leaves a GFP transgene, we then produced three-way grafts
infiltration was monitored under UV illumination. Each panel repre- comprising a silenced intGFP rootstock, an intermediate
sents the same leaf at 3, 4, and 5 weeks postinfiltration (C±E, respec-
section of nt stem, and a top scion of a nonsilencedtively).
intGFP plant. Using this procedure, we observed silenc-(F±H) Cell-to-cell movement of the systemic silencing signal. Confo-
ing occurring in the intGFP top scions about 6 weekscal microscope observation of tissue samples taken from silenced
leaves that had already expanded at the time of infiltration (such as after the graft junctions (Figure 3B) in 5 out of 11 graft-
the one depicted in [C±E]) shows that intGFP fluorescence is only ings tested. This result demonstrates that the silencing
evident in the symplastically isolated stomatal guard cells (F), signal could move long distances and through cells in
whereas intGFP fluorescence is present in all leaf cells from nonsi- which there is no corresponding nuclear gene, as the
lenced plant (G). In leaves that developed after the silencing had
intermediate section had no GFP sequence.spread to the growing point (H, insert), intGFP fluorescence is absent
In a separate series of experiments, the speed of sig-even from guard cells (H). The bar represents 100 mm.
nal movement was assessed by removal of the infiltrated
leaf 1, 2, 3, 4, or 5 days after infiltration with the N:G:G
spread of a phloem-translocated dye and of a systemic strain of A. tumefaciens. In these experiments, there
virus in N. benthamiana (Roberts et al., 1997). was systemic loss of intGFP fluorescence (i.e., silencing)
The development of silencing in leaves was also simi- in 10% of the plants if the infiltrated leaf was removed
lar to the translocation of a phloem-transported dye 2 days postinfiltration. A progressively higher proportion
through class I, II, and III veins of N. benthamiana leaves of plants exhibited systemic silencing when the infil-
trated leaf was removed 3 days postinfiltration or later(Roberts et al., 1997). In systemic leaves that had already
Cell
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(Figure 3C). From these data, we conclude that produc-
tion and translocation of the signal occurs within 2 or 3
days postinfiltration.
In plants that exhibited silencing after removal of the
infiltrated leaf, loss of intGFP developed as quickly and
persisted for as long as in the intact plants. Furthermore,
in all of the N:G:G-infiltrated plants, silencing of intGFP
persisted for more than 100 days postinfiltration. Even in
these old plants (Figures 3D and 3E), systemic silencing
continued to be induced in the newly emerging leaves,
despite the loss of the infiltrated leaf due to senescence.
Considering these observations, we propose that propa-
gation of the silencing signal occurs via a relay process.
The cells receiving the signal from the infiltrated leaf
would become a secondary source of the signal so that
maintenance of PTGS in the plant would become inde-
pendent of the infiltrated leaf.
Systemic Silencing in Meristematic Cells
Although there was extensive and persistent silencing
of intGFP in the N:G:G-infiltrated N. benthamiana plants
(as shown in Figure 3E), the vegetative (Figure 2A5), floral,
and root apexes (data not shown) always remained non-
silenced (i.e., green fluorescent). Either the signal of
gene silencing cannot enter dividing cells or dividing
cells lack the potential to silence intGFP. To address
these alternatives, we cultured leaf explants from plants
exhibiting systemic silencing of intGFP. The explants
were cultured on media promoting shoot regeneration.
It was expected that intGFP silencing would be lost if
dividing cells lack the potential to silence intGFP.
Figures 4A±4C show shoots and leaves regenerating
from these explants. Clearly, there was no intGFP fluo-
rescence in most parts of these organs, whereas shoots
regenerated from nonsilenced plants remained fully
green fluorescent (Figure 4D). From these observations,
we conclude that silencing was not induced by the cul-
ture procedures but that it could persist through in vitro
organogenesis. However, the extreme apical regions of
the regenerated silenced shoots were green fluorescent,
as in the progenitor plants. When the shoots developed
into plants with roots, the root tips (Figure 4E) and apical
zones of vegetative (Figure 4G) and floral (Figure 4H)
Figure 3. Graft Transmission, Kinetics of Translocation, and Persis- shoots were also green fluorescent. This apical fluores-
tence of the Systemic Silencing Signal cence was not present in nontransformed plants (Figure
(A and B) Nonsilenced intGFP scions were grafted onto silenced 4I and data not shown) and is therefore bona fide GFPintGFP rootstocks, either directly (A) or with an nt stem section in
rather than an artifact due to the presence of fluorescentbetween (B). In both instances, systemic silencing was transmitted
to the intGFP scions, as shown by the loss of green fluorescence compounds. These results indicate that silencing can
in upper parts of the graft. Residual intGFP in the scions appears be maintained in, or can pass through, dividing cells but
yellow. Arrows indicate graft junctions. that the gene-silencing mechanism is not effective in
(C) Kinetics of translocation of the systemic silencing signal. The
meristematic tissues of the plant, presumably becausetop diagram illustrates the order of events described below. One leaf
the silencing signal cannot reach those regions. Theseof intGFP plant was infiltrated with the N:G:G strain of A. tumefaciens
(previously induced with acetosyringone) and subsequently re- findings reinforce the striking similarities between the
moved 1, 2, 3, 4, or 5 days after infiltration. The percentage of plants movement of the signal and the movement of plant vi-
undergoing systemic silencing after removal of the infiltrated leaf ruses (Figure 2), which are generally excluded from meri-was then assessed under UV illumination. Each dot on the diagram
stems (Matthews, 1991).represents the average percentage obtained from 30 individual
plants infiltrated at the same time. SIGS, systemic induction of gene
silencing.
(D and E) Persistence of systemic silencing. Silencing is efficiently Biolistic Activation of Systemic Silencing
maintained in intGFP plants that had been infiltrated more than In the experiments described above, epiGFP was deliv-100 days previously (E). Water-infiltrated plants of the same age
ered by infiltration of A. tumefaciens into leaves ofremained fully green fluorescent (D). All pictures were taken under
UV light illumination. intGFP transgenic plants. To evaluate an alternative
Systemic Gene Silencing
181
individual cells exhibited blue staining in whole seed-
lings (data not shown). These results indicate that sys-
temic silencing does not depend on the delivery method
of epiGFP and, more importantly, that very localized
events can initiate production and spread of the se-
quence-specific signal of gene silencing.
Bombardment of linear fragments of GFP cDNA with-
out a promoter, either intact or as 59 or 39 fragments,
also led to systemic silencing. The two fragments of
GFP (..P and G..; Figure 5A) were both less efficient
initiators of systemic silencing than the intact cDNA
(GFP, Figure 5A), thus indicating that initiation of sys-
temic silencing is affected by the length of epiGFP. To
further investigate importance of epiGFP length, a series
of PCR-amplified fragments were produced. These frag-
ments were all of the same physical length (500 bp) but
had 39 coterminal fragments of GFP cDNA of varying
length. The nonGFP DNA in these fragments was from
pBluescript. Equal amounts of each fragment were bom-
barded into 50 plants in five independent experiments.
The results, summarized in Figure 5D, clearly show that
the efficiency of systemic silencing initiation is deter-Figure 4. Systemic Silencing Is Maintained through In Vitro Organo-
mined by the length of homology between the epiGFPgenesis but Does Not Occur in the Growing Point
and the intGFP.(A±C) Shoot regeneration from leaf disks excised from intGFP-
silenced plants. All vegetative parts of the shoots appear uniformly
red, indicating that silencing is sustained through in vitro propaga-
tion. (A) shows leaves regenerated from intGFP-silenced tissue. (B) Systemic Silencing Requires an Interaction
is a close-up view of one regenerated leaf. (C) presents the stem of epiGFP and intGFP
and a flower bud of an explant regenerated from intGFP-silenced In principle, systemic silencing could be initiated by
tissue.
epiGFP alone. Alternatively, it could be initiated follow-(D) Leaves and stems of shoots regenerated from intGFP-nonsi-
ing an interaction between epiGFP and intGFP DNA orlenced plants appear uniformly green fluorescent, indicating that
intGFP RNA. To distinguish between these possibilities,the in vitro propagation step does not induce silencing.
(E and F) Silencing is manifested in roots of explants regenerated we have further characterized the targets of intGFP si-
from intGFP-silenced tissues but does not occur in the meristems, lencing following bombardments with 59 or 39 linear frag-
as shown by the strong green fluorescence in the root tips (E). Roots ments of GFP cDNA (GF. and ..P, Figure 6A). If silencing
of explants regenerated from nonsilenced intGFP tissues appear
was initiated only by the bombarded DNA, the targetuniformly green fluorescent (F).
would be confined to the region of the bombarded DNA.(G±I) Apical vegetative (G) and floral (H) meristems of explants regen-
However, a target that was determined following an in-erated from intGFP-silenced tissues exhibit green fluorescence, in-
dicating absence of silencing in these regions. Natural green fluores- teraction with intGFP could extend beyond the regions
cence is not observed in corresponding tissues of regenerated nt of the bombarded DNA. The assay for silencing target
plants (I). sites involved inoculation of PVX-GF and PVX-P (Figure
All pictures were taken under UV light illumination.
6A) to intGFP plants that had been bombarded 21 days
previously with GFP, ..P, or GF. (Figure 6B). Virus inocu-
lations were made to leaves exhibiting systemic silenc-means of epiGFP delivery, we bombarded small seed-
lings (5±7 mm long) with gold particles coated with the ing of intGFP, and accumulation of the viral RNA was
assessed by Northern analysis of RNA samples takenpUC 35S-GFP plasmid (Figure 5A). This plasmid is based
on pUC19 and has the complete 35S-GFP cassette from from the inoculated leaves at 8 days postinoculation
(Figure 6B).pBin35S-GFP (Figure 1). Three weeks after bombard-
ment, 75% of the plants showed systemic silencing of Northern analyses of inoculated leaves showed that
accumulation of PVX-GFP and PVX-GF (Figure 6C,intGFP (Figures 5B and 5C). As in the agroinfiltrated
plants (Figure 3), there was systemic silencing of intGFP lanes 8±10 and 12±14) was lower (by at least 10-fold) in
leaves exhibiting systemic silencing of intGFP than inthroughout the plant except in the growing points of
the shoots and roots. This result was consistent and leaves of nontransformed plants (Figure 6C, lane 6) or
in leaves of intGFP plants that had been previously bom-reproducible in seven independent experiments, involv-
ing a total of 70 plants (Figure 5A). Systemic silencing barded with uncoated gold particles (Figure 6C, lanes
7 and 11). The same observations were made followingof intGFP was never observed when intGFP plants were
bombarded with uncoated gold particles or plasmids inoculation of PVX-P to plants exhibiting systemic si-
lencing of intGFP (Figure 6D). It was particularly strikingthat did not carry the GFP open reading frame (data not
shown). In order to estimate the number of cells that that silencing induced by ..P could target PVX-GF (Fig-
ure 6C, lanes 13 and 14) and, conversely, silencing in-receive the delivered DNA, we also bombarded seed-
lings with a pUC 35S-GUS plasmid and stained the duced by GF. could target PVX-P (Figure 6D, lanes 8
and 9). As there is no sequence overlap between thewhole plants for GUS activity 3 days later. We found
that, on average, less than eight randomly distributed GF. and ..P fragments involved in these experiments, we
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conclude that the target site of silencing is determined
following an interaction of epiGFP and intGFP DNA or
intGFP RNA. Moreover, the influence of the bombarded
DNA can extend both in the 39 (from GF to P) or in the
59 (from P to GF) direction.
Discussion
In this paper, we describe the dissection of PTGS into
separate initiation, systemic spread, and maintenance
stages. In this discussion, we assess the likely molecular
mechanisms of these different stages and the natural
role of gene silencing in plants and other organisms.
We consider the systemic spread stage first because
the inferences about the likely nature of the signal of
gene silencing influence the subsequent discussion
about the initiation and maintenance stages.
Systemic Spread of PTGS
Systemic spread of PTGS is remarkable in that it involves
a sequence-specific signal: systemic silencing initiated
against GFP was specific for intGFP or viral GFP RNAs
(Figure 6), whereas silencing against GUS was specific
for GUS RNAs (data not shown). This pattern of se-
quence specificity rules out the possibility that this sys-
temic silencing is a nonspecific wounding signal or that
the specificity is related to the 35S promoter. Therefore,
it is likely that the signal of silencing is specific for the
transcribed regions of the target gene and that the speci-
ficity determinant includes a nucleic acid component.
Thus, the signal for silencing of GFP is likely to contain
GFP RNA or DNA, whereas the signal for silencing of
GUS or other genes would contain the corresponding
alternative nucleic acid species. From its pattern and
speed of systemic spread (Figures 2 and 3), we confirm
that this putative nucleic acid is able to move not only
from cell to cell through plasmodesmata but also sys-
temically through the phloem, as proposed in a recent
review article (Jorgensen et al., 1998).
There are precedents in plants for endogenous nu-
cleic acids that move between cells. For example, there
are mobile nucleic acids encoded by nuclear genes,
including the mRNA for a transcription factor (Lucas et
al., 1995) and a sucrose transporter mRNA (Kuhn et al.,
open reading frame and are respectively 348 and 453 bp long. Equal
amounts of each construct were bombarded (see Experimental Pro-
cedures).
(B and C) Silencing phenotype of intGFP bombarded plants. (B) A
general view of a population of intGFP plants bombarded together
3 weeks previously with the promoterless GFP construct depicted
in (A). (C) A close-up view of one of the silencing plants shows the
characteristic vein spreading of the systemic silencing signal, similar
to that observed following Agrobacterium infiltration.
(D) Effect of the length of homology between epiGFP and intGFP
on biolistic activation of systemic silencing. The intGFP seedlings
were bombarded with a series of PCR-amplified fragments sharing
Figure 5. Biolistic Activation of Systemic Silencing a similar physical length but harboring 39 terminal fragments of GFP
(A) DNA constructs tested for biolistic activation of systemic silenc- cDNA of varying length. These fragments were amplified from a
ing. The pUC35S-GFP plasmid contains the 35S-GFP expression pBluescript vector containing the full-length GFP open reading
cassette from pBin35S-GFP (Figure 1). The GFP plasmid contains frame by using one vector-specific primer and one GFP-specific
only the full-length GFP open reading frame from pBin35S-GFP primer. The red dot on the diagram represents the 59 end of the
cloned as a BamHI±SalI restriction fragment in pUC19. The ..P and GFP open reading frame. Equal amounts of each construct were
G.. DNA constructs are linear, PCR-amplified fragments of the GFP bombarded (see Experimental Procedures).
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1997). However, in both of these examples the move-
ment is only between cells: there is no evidence for long-
distance movement, as with the silencing signal (Figures
2 and 3). The mobile nucleic acids that are most obvi-
ously comparable to this putative signal are viroids. Like
the signal of silencing (Figure 3C), these small noncoding
RNA species move systemically within a period of a few
days after inoculation (Palukaitis, 1987). For both viroids
and the silencing signal, the route of movement involves
cell-to-cell through plasmodesmata and long-distance
spread through the phloem (Palukaitis, 1987; Ding et al.,
1997).
From the leaf detachment experiment (Figure 3C), we
infer that movement of the signal involves a relay. Some
cells receiving the epiGFP were the primary source of
initial signal production. However, once the signal moved
out of the bombarded or infiltrated area, this primary
source was no longer required, and there must have
been cells elsewhere in the plant that were a secondary
source of the signal molecule. We do not know the
maximum distance between primary and secondary re-
lay points in signal production, but from the three-way
grafting experiments (Figures 3A and 3B), we can infer
that distances of several centimeters or more could be
involved.
Initiation and Maintenance of Signal Production
Systemic silencing was initiated in the bombarded or
infiltrated cells that received epiGFP. It is unlikely, al-
though it cannot formally be ruled out, that initiation of
systemic silencing required transcription of the intro-
duced DNA because the presence of a promoter had
little or no effect (Figures 1A and 5). It is also unlikely
that the signal was derived directly from the introduced
DNA because systemic silencing induced by ..P resulted
in targeting of the GF. component of GFP RNA. Simi-
larly, bombardment of GF. produced silencing targeted
against ..P (Figure 6). Our interpretation of these data
is that silencing was initiated by an interaction between
intGFP and epiGFP and that the target of systemic si-
lencing was determined by intGFP. The influence of
epiGFP length on silencing is also consistent with a
homology-dependent interaction between epiGFP and
intGFP (Figure 5D).
We recognize that this proposed interaction of epiGFP
could involve intGFP DNA or RNA and that our data do
not provide conclusive evidence for either. However, we
consider that an interaction with DNA is more likely than
with RNA because in N:G:G and N:GD the GFP transgene
was orientated 59 to 39 toward the left border of the
Figure 6. Systemic Silencing Requires an Interaction of epiGFP and
T-DNA (Figure 1A). The orientation of this gene is rele-intGFP
vant because the T-DNA of A. tumefaciens is transferred(A) Bombarded epiGFP and inoculated viral constructs. The ..P and
GF. DNA constructs are derivatives of the GFP construct described
in Figure 4A. PVX-GF and PVX-P are PVX vectors carrying the GF.
and ..P restriction fragments of the GFP open reading frame, respec-
tively. Expression of the corresponding insert is controlled by a cally silenced (see panel B2), two upper leaves were inoculated with
duplicated coat protein (CP) promoter indicated by shaded boxes either water (Mock), PVX-GFP, or PVX-GF (see panel B3). Five days
(RdRp, RNA-dependent RNA polymerase; 25K, 12K, 8K, cell-to-cell after virus inoculation, total RNA was extracted from one of the two
movement proteins; CP, coat protein). inoculated upper leaves, and Northern analysis of 10 mg of RNA
(B) Diagram illustrating the order of events described below. was carried out to detect accumulation of the intGFP and PVX-GF/
(C) Northern analysis of intGFP and PVX-GF/GFP RNAs. First, intGFP GFP RNA (indicated on the left side of the upper panel).
seedlings or nt plants were bombarded with either uncoated gold (D) Northern analysis of intGFP and PVX-P RNAs. The analysis was
particles (2) or gold particles coated with either the GFP or the ..P performed as described in (C), following inoculation of PVX-P to
construct (see panel B1). After 21 days, when intGFP was systemi- GF-bombarded intGFP plants.
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into plant cells as single-stranded DNA with the right diluted as it moves away from the initially infiltrated or
border of the T-DNA at the 59 end (Zupan and Zambryski, bombarded cells.
1997). This strand-specific transfer mechanism would
not allow the single-stranded epiGFP DNA to interact
Systemic Silencing Compared to Other Exampleswith intGFP RNA because both molecules have the same
of Gene Silencing in Plants and Animalspolarity. However, the single-stranded epiGFP T-DNA
Many examples of gene silencing in plants may be simi-would have the potential to interact with homologous
lar to the phenomenon described here. For example, inDNA in the genome, irrespective of the orientation of
transgenic plants exhibiting transgene-induced PTGS,the insert. Consistent with a DNA-level interaction, we
it is clear from grafting experiments (Palauqui et al.,have also shown that single-stranded GFP DNA with the
1997) and from the spatial patterns of silencing (Kunzpolarity of intGFP RNA can initiate systemic silencing
after bombardment (data not shown). et al., 1996; Palauqui et al., 1996) (Figure 2) that PTGS
How could a DNA-level interaction of epiGFP and is a non-cell-autonomous event. In addition, we consider
intGFP result in systemic silencing? We propose here it likely that gene silencing with a delayed onset, for
a mechanism similar to an earlier ectopic pairing model example with GUS transgenes, may also involve sys-
of PTGS in transgenic plants. According to this model, temic spread of a signal (Elmayan and Vaucheret, 1996).
the ectopic interactions of epiGFP and intGFP would In these instances, we envisage that the process may
perturb transcription of the intGFP and lead ultimately be initiated in just one or a few cells in the plant, as
to formation of antisense RNA (Baulcombe and English, shown here in systemic silencing, and that the spread
1996). This antisense RNA would target GFP RNAs for of the signal accounts for the gene silencing throughout
degradation and would be a component of the signal the plant.
molecule. If the DNA-level interaction led to aberrant The involvement of a signal molecule means that ge-
transcription of the noncoding strand of the genomic netic or epigenetic variations in single cells could influ-
DNA, this antisense RNA could be a product of direct ence the level of gene silencing throughout the plant.
transcription from the genome. Alternatively, the anti- Consequently, the analysis of transgenes in whole plant
sense RNA could be produced indirectly by a host- DNA may not be an accurate indicator of factors that
encoded RNA-dependent RNA polymerase, as sug- influence PTGS. For example, in a previous study based
gested originally to explain transgene-mediated PTGS on analysis of whole plant DNA, it was concluded that
(Lindbo et al., 1993). In this scenario, the RNA-depen- single-copy, hemizygous transgenes can activate PTGS
dent RNA polymerase would produce antisense RNA (Elmayan and Vaucheret, 1996). This conclusion was
using aberrant sense RNA as template. difficult to reconcile with the suggestion that ectopic
The proposal that there could be ectopic interactions DNA interactions initiate PTGS (Baulcombe and English,
of homologous DNA leading to aberrant transcription is 1996). However, the results presented here show that
based on precedents from plants, animals, and fungi. the PTGS in the whole plant could have been initiated in
In one example with b-globin genes in mammalian cells, individual cells carrying multiple copies of the transgene
an ectopic DNA interaction was demonstrated directly due to DNA endoreduplication or chromosomal re-
by the colocalization of a transfected plasmid with the
arrangements. Therefore, even in plants having only one
homologous sequence in the genome (Ashe et al., 1997).
copy of a silencer transgene in the genome, it cannot
In plant and fungal cells, the ectopic interaction could
be ruled out that PTGS was initiated by ectopic interac-only be inferred indirectly from the modified methylation
tions of homologous DNA.pattern of the homologous DNAs (Hobbs et al., 1990;
Most analyses of PTGS have involved plants andBarry et al., 1993). We envisage that these ectopic inter-
fungi. However, there are now reports of gene silencingactions may lead to aberrant RNA by arrest of transcrip-
phenomena in animals that appear similar to the planttion leading to prematurely truncated RNA species, as
and fungal systems (Pal-Bhadra et al., 1997). However,shown in Ascobolus immersus (Barry et al., 1993). Alter-
more striking are two recent examples of gene silencingnatively, the ectopic interactions could cause aberrant
in Caenorhabditis elegans (Fire et al., 1998) and in Para-extension of transcription, as in the example with
mecium (Ruiz et al., 1998a). The ªgenetic interferenceºb-globin genes (Ashe et al., 1997).
described in C. elegans is initiated by double-strandedA DNA-level interaction leading to aberrant transcrip-
RNA (Fire et al., 1998) rather than DNA, as describedtion provides a convenient explanation for the persis-
here, but otherwise shares many common features withtence and uniformity of systemic silencing in the plant.
the systemic silencing, including the ability to spreadFor example, it would explain why the silenced state
by a relay mechanism through the affected organism.was stable during the lifetime of the silenced plant (Fig-
In Paramecium, microinjection of plasmids containingure 3E). The interaction of the introduced DNA or the
sequences of a gene led to homology-dependent silenc-signaling molecule at the DNA level could lead to an
ing of the corresponding gene in the somatic macronu-epigenetic change involving DNA methylation or chro-
cleus (Ruiz et al., 1998a). As described here, the silenc-matin modification that could persist even if the silenced
ing effect could be initiated with plasmids containingcell was no longer receiving signal. Consistent with this
only the coding region of the gene and was stably main-hypothesis, it has been shown that viroid RNAs can
tained throughout vegetative growth of the organism.direct sequence-specific DNA methylation in transgenic
Perhaps the similarity between systemic silencing inplants (Wassenegger et al., 1994). Furthermore, tran-
plants, the induced silencing in Paramecium, and thescription of the epimutated DNA or chromatin could
effect of double-stranded RNA in C. elegans reflectsprovide an amplification step for the systemic gene si-
lencing and could explain why the signal does not get the existence of a ubiquitous mechanism in plants and
Systemic Gene Silencing
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after bombardment, seedlings were transferred to a glasshouseanimals that is able to specifically target aberrant RNA.
between 208C and 258C.This possibility fits well with the suggestion that RNA
double strandedness is a possible aberration required
for initiation of PTGS in transgenic plants (Metzlaff et In Vitro Propagation
N. benthamiana leaves were harvested from greenhouse-grownal., 1997).
plants. Leaf disks were aseptically plated onto MSR6 medium com-
plemented with 1 mg/l 6-Benzylaminopurine and 0.1 mg/l a-Naph-
A Natural Role for Gene Silencing in Plants? thaleneacetic acid. Culture was conducted as described (Vain et
We and others have previously suggested that systemic al., 1998).
silencing could represent a protection mechanism in
plants against viruses (Voinnet and Baulcombe, 1997;
GFP ImagingJorgensen et al., 1998). This idea was supported by the
Visual detection of GFP fluorescence in whole plant was performed
demonstration that a natural virus-induced resistance using a 100 W handheld long-wave ultraviolet lamp (UV products,
in nepovirus- and caulimovirus-infected plants, like gene Upland, CA 91786, Black Ray model B 100AP). Confocal microscopy
silencing, is a sequence-specific and RNA-mediated was performed under a Leica DMR module coupled to a Leica TCS-
NT system. A 100 mW Argon ion laser was used to produce blueprocess (Covey et al., 1997; Ratcliff et al., 1997). Our
excitation light at 488 nm (emission filter, 522 nm).findings that the silencing signal (1) can be initiated at
the single cell level, (2) is rapidly translocated to remote
parts of the plant, and (3) recruits the same channels Construction of PVX Derivatives and In Vitro Transcription
PVX-GFP and PVX-GF were described previously (Ruiz et al., 1998b).as those used by most plant viruses make this hypothe-
PVX-P was made by inserting a ClaI±SalI restriction fragment fromsis even more attractive. We now consider it possible
GFP5 (Haseloff et al., 1997) into the PVX vector pP2C2S (Baulcombethat an antiviral signal could be initiated in primary infec-
et al., 1995). Viral inocula were sap extracts of plants (N. clevelandii)tion sites and could move ahead of the inducing virus.
infected with in vitro transcripts (Chapman et al., 1992) of the corre-
Consequently, before the virus would have moved sys- sponding cDNA clones.
temically, a wave of antiviral gene silencing would have
already traveled through the plant and would later delay
Agroinfiltrated and Bombarded epiGFP Constructsthe spread of the infection front.
The N:G:G binary vector (Figure 1) is based on pBIN 35S:GFP4
It is also possible that systemic silencing could repre- (Haseloff et al., 1997) in which the LacZ polylinker from pUC19 has
sent a natural signaling mechanism involved in plant been inserted in the HindIII blunted restriction site located upstream
development and physiology. For example, it is known of the 35S promoter of GFP4. A 35S-GUS expression cassette from
pSLJ4D4 (Jones et al., 1992) was then inserted in the LacZ polylinkerfrom classical experiments that there is a graft-transmis-
as a HindIII±EcoRI restriction fragment. The N:GD construct (Figuresible signal of flowering (florigen) that has many of the
1) is derived from pBin 35S:GFP4. N:GD was obtained by removalpredicted attributes of a natural manifestation of sys-
of the 35S promoter of GFP4 by a BamHI±HindIII restriction, followed
temic silencing (Poethig, 1990). Like the silencing signal, by blunt ending (Klenow) and religation. The pUC35S-GFP construct
florigen does not correspond to any of the convention- (Figure 4) was obtained by inserting the 35S:GFP4 expression cas-
ally characterized hormones or other signaling mole- sette from pBIN 35S:GFP4 (HindIII±EcoRI restriction fragment) in
pUC19. The GFP construct was obtained by inserting the full-lengthcules in plants, but it does move systemically to produce
GFP open reading frame from pBIN 35S:GFP4 (BamHI±SacI restric-an epigenetic change (Bernier, 1988). With florigen, the
tion fragment) in pUC19 (Yanisch-Perron et al., 1985). The ªG..ºepigenetic change is associated with the transition from
fragment (Figure 4) was PCR amplified from pBIN 35S:GFP5 (Hasel-
the vegetative to the flowering state of the plants, while off et al., 1997) using primers GGATCCAAGGAGATATAACAA and
in systemic silencing it is associated with suppression AAATCGATTCCCTTAAGCTCG (pos1 and pos453 in the GFP5 cDNA,
of gene expression. Clearly, as pointed out recently (Jor- respectively). The ª..Pº fragment (Figure 4) was PCR amplified from
pBIN 35S:GFP5 using primers AGCTTAAGGGAATCGAT and CTTAGgensen et al., 1998), discoveries of natural gene silenc-
AGTTCGTCATGTTTGT (pos454 and pos813 in the GFP5 cDNA, re-ing±related mechanisms would be a major breakthrough
spectively). The series of PCR-amplified fragments used for theand could provide evidence for the existence of an RNA-
study of the effect of the length of homology between epiGFP and
based signaling system in plants. intGFP (Figure 4D) was obtained from pBluescript, in which the
complete GFP5 cDNA was inserted as a BamHI±SacI restriction
Experimental Procedures fragment. Primer combinations used for each amplification are:
Plant Material, Agrobacterium Infiltration, (AGCTTAAGGGAATCGAT-TTGTGGCCGAGGATGTTT);
and Grafting Procedure (AAATCGATCCCTTAAGCTCG-GGGTAACGCCAGGGTTTTCC);
The four independent lines of N. benthamiana homozygous for the (AGTAGTGACAAGTGTTGGCC-AGCGGGCGCTAGGGCGCT);
GFP transgene (intGFP plants) were described previously (Ruiz et (TGACAGAAAATTTGTGCCCATT-GTAAAGCACTAAATCGGAACC);
al., 1998b). Infiltration of A. tumefaciens into these lines was as (TTGGGACAACTCCAGTGAAAA-CCACTACGTGAACCATCAC).
described (English et al., 1997). Graftings were performed according
to Palauqui et al. (1997). The ..P and GF. constructs are respectively linear ClaI±SalI and
BamHI±ClaI restriction fragments from the GFP construct described
Seedling Bombardment above.
N. benthamiana seeds were sterilized with 0.25% sodium hypochlo-
rite and were germinated for 7±10 days on MSR6 medium. One
day before bombardment, the seedlings in groups of 10±12 were General Procedures
RNA isolation and Northern analysis were done as described (Ruiztransferred onto fresh MSR6 medium distributed over a 3.2 cm2
target area. DNA coating and particle bombardment were carried et al., 1998b). The probe used for hybridization was a 32P-labeled
cDNA corresponding to the entire GFP open reading frame. Histo-out as described previously (Christou et al., 1991). Each group of
ten seedlings was bombarded twice with 163 ml of gold particles chemical staining of plant material for GUS activity was performed
using standard procedures (Jefferson, 1987).coated with 326 ng of DNA and accelerated at 12 kV. Two weeks
Cell
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Note Added in Proof
A recent article (Palaqui, J.C., and Vaucheret, H. [1998]. Transgenes
are dispensable for the RNA degradation step of cosuppression.
Proc. Natl. Acad. Sci. USA 95, 9675±9880) provided additional infor-
mation about the initiation stage of PTGS.
